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FINAL  REPORT 


PHONON  TECHNOLOGIES  FOR  HIGH-SPEED  MICROELECTRONICS 

AND  OPTOELECTRONICS. 

Contract  N68 1 7 1  -0 1  -M-5 1 66 


Abstract: 

In  this  report  we  present  the  results  on  innovative  phonon  technologies  for  high-speed 
microelectronics  and  optoelectronics.  The  electrical  methods  of  generation  of  high-frequency 
coherent  phonons  in  quantum  heterostructures  are  studied.  Efficient  electric  generators  of  sub¬ 
terahertz  and  terahertz  acoustic  and  optical  phonons  are  suggested  on  the  base  of  practically 
important  materials  and  heterostructures  including  Si/SiGe,  AlGaAs/GaAs,  GaSb/InAs,  etc. 

The  presented  results  create  solid  fundamentals  for  practical  developing  electric  generators  of 
high-frequency  coherent  phonons  and  implementation  of  the  phonon  technologies,  which  will 
gain  strategic  advantages  for  numerous  applications  in  high-speed  microelectronics  and 
optoelectronics. 
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Background: 

It  is  well  known  that  in  solids  the  electron-phonon  coupling  is  always  much  stronger  than  the 
coupling  between  microwave  emission  and  electrons.  If  there  existed  reliable  high-frequency 
phonon  sources,  it  could  trigger  a  number  of  phonon  applications  to  control  both,  high-speed 
electric  and  optical  signals.  Indeed,  phonon  frequencies  cover  a  very  wide  frequency  range 
including  sub-THz  and  THz  frequencies.  Being  excited  high-frequency  coherent  phonons  can 
control  the  electric  current  due  to  electron-phonon  coupling.  Particularly,  a  flux  of  coherent 
phonons  or  a  coherent  phonon  standing  wave  can  modulate  the  electric  current,  i.e.,  it  provides 
new  methods  of  generation  of  ultra-high  frequency  electric  oscillations.  Similarly,  interaction  of 
coherent  phonons  with  a  light  beam  leads  to  modulation  of  light  at  phonon  frequency  (stimulated 
Brillouin  and  Raman  scattering  by  intense  coherent  acoustic  or  optical  phonons)  and  can  provide 
an  efficiently  controlled  beam  deflection.  Besides,  engineered  and  controlled  phonons  (lattice 
vibrations)  can  significantly  enhance  the  performance  of  a  wide  range  of  devices. 

In  addition,  intense  fluxes  of  short-wave  phonons  could  have  other  technological  applications, 
for  example,  nondestructive  testing  and  treatment  microstructures  and  materials. 

Thus  a  wide  range  of  novel  phonon-based  devices  and  applications  are  possible.  These  phonon 
technologies  demand  the  elaboration  of  special  technique  to  generate,  detect  and  control  the 
lattice  vibrations. 

The  elaboration  of  electrical  methods  of  generation  of  coherent  phonons  in  solids  is  the  problem 
of  primary  importance.  Generators  of  high-frequency  coherent  phonons  would  open  wide 
possibilities  for  development  of  innovative  concepts  and  methods,  and  novel  devices  for  ultra- 
high-speed  microelectronics  and  optoelectronics.  Among  these  generators  those  are  the  most 
interesting,  which  can  be  directly  integrated  with  semiconductor  devices. 

The  advantages  of  using  phonon-technologies  include: 

-  Ultra-high  frequencies;  ultra-short-wavelengths;  highly  collimated  beams;  electric  methods; 
efficient  electric  control;  high  efficiency  of  transformation  of  electric  energy. 

-  Possibilities  to  be  integrated  with  other  microelectronic  circuits  and  optoelectronic  systems. 

-  The  use  of  different  materials:  III-V  compounds,  including  wide-gap  nitrides,  GaN/AlGaN, 
which  possess  strong  electron-phonon  coupling,  Si/Ge  heterostructures. 

Some  applications  of  high-frequency  coherent  phonons  to  solve  actual  problems  are: 

-  THz-modulation  of  optical  signals.  THz-electric  oscillations. 

-  Phonon  enhancement  of  electronic  and  optical  devices  through  phonon  active  control  of 
electron  transport,  phonon  induced  photo-transitions  in  indirect-gap  semiconductors  and  heat 
removal  through  stimulated  phonon  decay,  etc 

-  Miniature  deflectors  for  light-beam  control  integrated  with  semiconductor  lasers.  Nondestruc¬ 
tive  testing  of  nanostructures  by  short-wave  coherent  phonon  beams  (phonon  wavelengths  can  be 
scaled  down  to  10  nm ). 

-  Processing  (treatment)  of  surfaces  and  interfaces,  fabrication  of  nano-relief  with  10  nm  scale 
(phonon-lithography) . 

-  X-ray  deflectors. 

Development  of  efficient  electric  generators  of  coherent  high-frequency  phonons  is  a  long¬ 
standing  problem.  This  study  proposes  and  justifies  innovative  approach  to  practical  realization 
of  phonon  technologies. 
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Technical  results: 


The  project  aim  was  the  analysis  of  new  phonon  technologies  for  microelectronic  and 
optoelectronic  applications.  We  have  identified  and  developed  innovative  efficient  and  powerful 
electrical  methods  of  generation  coherent  phonons  in  THz-frequency  range.  These  include 
generation  of  short-wave  sub-THz-acoustic  phonons  and  THz-optical  phonons  under  electron 
drift  in  quantum  heterostructures  (the  Cerenkov  generators),  and  generation  of  THz-phonons 
under  vertical  electron  transport  through  multi-barrier  structures  (the  ‘phonon  laser’). 

Quantum  heterostructures  based  on  different  practically  important  materials  have  been  analyzed 
including  Si/Ge-based  structures  and  III-V-compound-based  structures,  some  estimates  have 
been  made  for  nitride-base  heterostructures.  Analysis  of  basic  parameters  of  generated  phonons  - 
frequency  bandwidths,  intensities  of  phonon  fluxes,  efficiency  of  conversion  of  the  electric 
energy  into  the  energy  of  high-frequency  phonons  has  been  performed. 

The  Cerenkov  electric  generation  of  suh-THz  confined  acoustic  phonons  in  quantum  wells 
(QWsX  To  study  the  generation  of  high-frequency  phonons  in  QWs  we  have  analyzed  acoustic 
phonon  confinement  in  elastically  anisotropic  (cubic)  QW-heterostructures  grown  in  a  direction 
of  high  symmetry.  We  have  established  a  general  criterion  for  phonon  confinement  and  found 
the  dispersion  curves,  the  displacement  fields  corresponding  to  the  confined  phonons  for 
Si/Sio.sGeo.s/Si,  Si/Ge/Si  and  AlAs/GaAs/AlAs  QW-heterostructures.  It  has  been  shown  that 
confinement  of  acoustic  phonons  in  these  QW  layers  is  especially  strong  in  the  sub-terahertz  and 
terahertz  frequency  range.  Two  main  electron-phonon  coupling  mechanisms  -  interaction  via 
deformation  potential  and  piezoelectric  interaction  -  have  been  considered.  Using  these  results 
we  have  analyzed  amplification  of  the  confined  modes  by  the  drift  of  the  two-dimensional 
carriers  as  function  of  phonon  frequency,  crystal  temperature,  electron  drift  characteristics  and 
other  parameters  of  the  heterostructures.  It  has  been  established  that  the  amplification 
coefficient  of  the  confined  phonons  can  exceed  103  cm'1  for  the  Si/Ge-based  structures  and  102 
cm'1  for  the  AlAs/GaAs-based  structures.  In  both  cases,  Si/Ge-  and  III-V-based  structures,  the 
electric  current  amplifies  the  shear-vertical  confined  phonons,  which  comprises  both  longitudinal 


Fig.  1  The  dispersion  dependence  (the  left  panel)  and  the  amplification  coefficient  (the  right  panel)  for  confined  modes  in 

Si/SiGe  QW. 


and  transverse  lattice  vibrations.  Purely  transverse  vibrations  can  be  amplified  as  shear- 
horizontal  waves  in  III-V-compounds  devices.  In  Fig.  1,  a  the  dispersion  of  lowest  confined 
shear-vertical  phonon  modes  are  presented  (thick  solid  and  dashed  lines  for  anti-symmetric  and 
symmetric  modes,  respectively).  In  Fig.  1,  b  spectral  dependences  of  the  amplification 
coefficient  is  shown  for  the  5  nm  width  QW  for  two  modes  at  four  temperatures  50, 100, 150  and 
300  K,  the  carrier  concentration  is  2.1012  cm'2.  The  electrons  amplify  the  symmetric  shear- 
vertical  modes,  the  amplification  coefficient  decreases  when  the  temperature  increases. 
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Frequencies  for  generated  phonons  as  functions  of  the  QW  width  are  presented  in  Fig.  2  (SiGe  - 
the  upper  curves,  AlGaAs  -  the  lower  curve).  It  can  be  seen  that  a  wide  sub-terahertz  frequency 
range  is  covered  by  the  electrical  method  of  generation  of  the  acoustic  phonons.  The  appreciable 
frequency  tuning  can  be  made  by  choosing  the  QW  width  parameter. 
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Fig.  2.  The  frequencies  generated  by  the  electric  current  in  SiGe  and  AlGaAs  QW  heterostructures. 

TM  Cerenkov  electric  generation  of  optical,  phonons  in  Quantum  wells.  We  have  analyzed  he 
drift  of  two-dimensional  electrons  in  QWs  under  conditions  of  strong  coupling  to  confined 
optical  phonons.  We  have  found  that  the  electric  current  can  excite  the  instability  of  the  optical 
phonon  subsystem:  populations  of  the  optical  phonon  modes  confined  within  the  QW  layer  can 
grow  exponentially  in  time,  if  for  the  drifting  electrons  the  Cerenkov  criterion  is  met.  A  general 
formula  for  the  phonon  increment  has  been  derived.  The  electron  screening  of  the  electron- 
confined  optical  phonon  interaction  is  incorporated  into  this  formula.  The  phonon  increment  has 
been  analyzed  in  detail  as  a  function  of  the  phonon  wave  vector,  electron-phonon  coupling  and 


Fig.  3.  The  phonon  increment  as  a  function  of  the  optical  phonon  wave  vector  for  two  particular  heterostructures: 

AlAs/GaAs/AIAs  -  the  left  panel  and  AlGaSb/InAs/AlGaAs  -  the  right  panel. 

electron  kinetic  parameters  -  the  electron  temperature  and  the  drift  velocity.  The  optical  phonon 
losses  (the  phonon  lifetimes)  have  been  estimated.  Next,  we  have  performed  numerical  estimates 
of  the  phonon  increment  for  several  particular  heterostructures.  It  was  established  that  in 
selectively  doped  AlAs/GaAs/AIAs  and  AlGaSb/InAs/AlGaAs  quantum  wells  —  which  exibit 
high  drift  velocities  -  electric  current  can  generate  coherent  confined  optical  modes.  In  Fig.  3  the 
optical  phonon  increment  is  shown  for  these  heterostructures,  the  WQ  width  is  supposed  to  be  10 
nm.  The  electron  parameters  -  the  drift  velocity  and  temperature  are  indicated  in  the  figure.  The 
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frequencies  of  generated  optical  phonons  are  8.8  THz  and  7  THz  for  AlAs/GaAs/AlAs  and 
AlGaSb/InAs/AlGaAs,  respectively. 

We  have  shown  that  the  phonon  increment  depends  critically  on  the  electron  drift  velocity.  One 
of  the  important  results  is  that  if  the  criterion  for  the  Cerenkov  emission  is  met,  the  phonon 
increment  has  a  maximum  as  a  function  of  the  phonon  wave  vector.  The  latter  leads  to 
discrimination  among  the  different  optical  phonon  modes  and  to  the  generation  of  a  very  narrow 
phonon  distribution,  i.e.,  to  generation  of  highly-coherent  optical  phonons. 

We  have  analyzed  regimes  of  generation  of  confined  optical  phonons  in  QWs  under  the  electric 
pumping.  To  treat  the  phonon  and  drifting-electron  subsystems  self-consistently  we  have 
calculated  the  phonon  increment  as  a  function  of  the  electron  temperature  and  drift  velocity, 
while  in  the  balance  equations  of  the  electron  energy  and  momentum  we  have  incorporated  the 
terms  describing  the  energy  and  momentum  losses  due  to  coherent  phonon  emission.  As  a  result 
of  the  analysis  of  the  coupled  nonlinear  equations,  we  have  found  steady-state  generation 
regimes  with  macroscopic  populations  of  the  optical  phonon  modes  and  electron  transport 
appreciably  controlled  by  the  generated  phonons.  The  generation  regimes  have  a  pronounced 
threshold  character  under  variation  of  the  applied  electric  field,  as  shown  in  Fig.  4  (the  left 
panel).  Above  the  threshold,  a  fast  narrowing  of  the  range  of  wave  vectors  of  generated  phonons 
results  practically  in  a  single  mode  generation.  The  generated  mode  is  highly  populated,  which 
leads  to  coherent  macroscopic  optical  displacements  of  the  lattice  and  large  amplitudes  of 
oscillations  of  the  electrostatic  fields  conveying  the  optical  vibrations.  We  have  established  that 
the  electron  parameters,  such  as  the  temperature  and  drift  velocity,  are  affected  by  the  generated 
phonons:  at  a  given  electric  field  their  magnitudes  are  considerably  suppressed  and  negative 
differential  conductivity  can  occur.  We  have  estimated  the  efficiency  of  transformation  of  the 
electric  power  to  coherent  optical  vibrations,  the  efficiency  can  reach  values  of  the  order  of  50%, 
as  presented  in  Fig.  4  (the  right  panel). 


N  T| 


Fig.  4.  Demensionless  population  of  generated  optical  phonons  N  (the  left  panel)  and  the  efficiency  of  optical  phonon 
generation  rj  (the  right  panel)  as  functions  of  the  electric  field  f  for  AlGaAs-QW  at  two  values  of  phonon  losses  (the  phonon 
lifetime  is  10'"  s  for  upper  curves  and  5  10'12  s  for  lower  curves).  The  frequency  of  generated  phonons  is  8.8  THz.  N  =1 
corresponds  to  1.6  1016  phonon/cm2. 


Electron  transport  under,  strong,  electron-optical  phonon  interaction,  Besides  the  results  on 
generation  of  the  coherent  phonons,  analyzing  drift  of  carriers  in  high-electric  fields  we  have 
found  that  strong  electron-optical  phonon  coupling  leads  to  extremely  non-equilibrium 
distribution  function  of  the  electrons.  Particularly  it  has  been  established  that  in  nanoscale 
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samples  emission  of  optical  phonons  gives  rise  to  population  inversion  of  the  carriers.  This 
provides  for  a  high-frequency  electron  instability  and  microwave  generation  in  sub-terahertz 
range  (0.2. .0.5  THz).  The  results  have  been  applied  to  nitride-based  semiconductor  nanoscale 
heterostructures  such  as  AlGaN/GaN  and  GaN/InGaN. 


The  THz  acoustic  phonon  generator  using  voltage  biased  multi-barrier  structures-  We  have 
considered  high-frequency  phonon  generation  in  a  weakly  coupled,  n-doped  semiconductor 
superlattice.  Electric  bias,  applied  to  such  a  superlattice,  destroys  the  electron  minibands,  creates 
electron  states  localized  in  the  individual  quantum  wells  (the  Stark-splitting  effect)  and  forms 
population  inversion  between  these  states.  An  electric  current  occurs  due  to  the  phonon-induced 
interwell  hops.  We  have  shown  that  under  such  conditions  the  electric  current  produces  a 
phonon  instability:  populations  of  phonon  modes  propagating  almost  collinearly  with  the 
superlattice  axis  increase  exponentially  in  time.  It  has  been  demonstrated  that  the  population 
growth  increment  can  be  as  high  as  several  times  108  s'1  and  exceeds  considerably  the  internal 
phonon  scattering  rates.  The  frequency  (energy)  dependence  of  the  increment  is  shown  in  Fig.  5 
(the  right  panel)  for  a  given  electric  field  (Stark-splitting).  Effects  influencing  the  increment, 
such  as  screening  of  the  electron-phonon  interaction  and  modification  of  phonon  spectrum  in 
superlattices,  have  been  discussed.  For  electrically  biased  superlattices  demonstrating  the  effect 
of  phonon  instability  we  have  analyzed  nonlinear  problem  of  high-frequency  acoustic  phonon 
generation.  We  developed  the  theory  treating  self-consistently  the  phonon  generation  and 
electron  transport  through  the  superlattice.  We  found  that  the  main  mechanism  providing  the 
steady-state  generation  regime  is  the  electron  heating  caused  by  the  nonequilibrium  phonons.  It 
is  shown  that  under  the  generation  regime  the  spectral  distribution  of  phonons  is  extremely 
narrow  (a  single  mode  generation  —  the  ‘phonon  laser’).  The  generated  power  density  can  be  as 
high  as  105  W/m2  for  terahertz  phonons  (see  Fig.  5,  the  left  panel).  The  electric  current  is 
controlled  by  the  nonequilibrium  phonons  and  is  higher  by  an  order  of  magnitude  than  that 
under  the  subthreshold  conditions. 


Fig.  5.  Left  panel:  the  phonon  increment  as  a  function  of  the  phonon  energy.  Right  panel:  the  phonon  occupation  density  (left 
axis)  and  generated  power  density  (right  axis)  as  functions  of  phonon  losses  under  generation  regimes  at  different  lattice 
temperatures.  For  both  panels  Stark-splitting  is  3  meV. 


Brief. summary.  The  study  of  amplification  and  generation  of  acoustic  and  optical  phonons  under 
the  electron  current  has  been  carried  out.  Three  different  generators  of  high-frequency  phonons 
have  been  suggested:  (i)  the  sub-terahertz  Cerenkov  phonon  generator  of  acoustical  phonons  in 
multilayered  heterostructures;  (ii)  the  the  Cerenkov  phonon  generator  of  confined  optical 
phonons;  (iii)  the  THz-acoustic  phonon  generator  using  voltage  biased  superlattices.  All 


10 


suggested  generators  are  based  on  practically  important  materials  and  heterostructures.  A  high 
efficiency  of  transformation  of  the  electric  energy  into  the  energy  of  coherent  phonons  is  proved. 
The  obtained  results  create  solid  fundamentals  for  practical  development  electric  generators  of 
high-frequency  coherent  phonons  and  implementation  of  the  phonon  technologies,  which  will 
gain  strategic  advantages  for  numerous  applications  in  microelectronics  and  optoelectronics. 

Implementation  of  the  results: 

During  the  course  of  this  project  the  working  relations  with  US  Army  Research  Office  (Research 
Triangle  Park,  NC,  USA)  have  been  established.  Particularly,  all  the  results  of  the  project  were 
discussed  with  Dr.  M.  A.  Stroscio  from  the  Electronic  division  of  ARO.  The  PI  of  this  project. 
Prof.  V.  A.  Kochelap,  and  researcher  Dr.  B.  A.  Glavin  visited  North  Carolina  in  February  -  2001 
and  April  -  2001  for  discussion  of  the  results  and  their  implementation  for  the  Army.  Application 
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Tiiis  Idler  addresBes  the  effect  cf  generation  of  confined  LO  phonons  by  drifting.  electrons  in 
quantum  wells.  We  have  -derived  a  general  formub  far  the  phonon  increment  rx  a  function  of 
phonon  v«crve  veclor,  elect ro n  drift  velocHy.and  structure  jnrameters.  Numerical  estimates  of  Ihe 
phonon  increment  and  the  phonon  lifetimes  inve  shown  thal  AlAs/CbAs/AI  Ae  and  OaSb/lnSb/ 

Qa5b  quantum  well  Elructures  can  d-monEljale  the  effect  of  coherenl  LO  phonon  generation  by  ihe 
eleclric  currenl.  ©  2€00  American  jVisJihtfr  cf  fhysirz.  [SGOQ  3-d931CQ0)Ct  3  J_S  2 -i] 


High-frequency  coherent  acouslb  and  optical  phonons 
haw  been  observed  fora  number  of semicondurtormatertals 
and  hetercstrudures.^These  studies  provide  infdrirnlbn  on 
Ihe  ci dl alio  n  mechanxjrE  of  the  coherenl  pho  nonE.lheir  dy¬ 
namics,  electron-phonon  interartiona,  and  other  important 
phenomena.  Intense  coherent  phonon  waves  can  be  exploited 
for  variore  app  liralions,  particularly  for  terahertz  (THz) 
modulation  of  light  and  generation  of  high-frequency  eleclric 
OBcilblbnE.  Usually,  h^gh -frequency  coherenl  phono  re  are 
excited  optically  by  uhrafxl  bser  pulses.1*  The  develop¬ 
ment  of  electrical  methods  of  coherenl  phonon  generation  is 
a  long-standing  and  important  problem. 

An  eleclric  current  flowing  though  a  semico  n  duel  or  can 
produce  coherenl  acoustic  and  optical  phonons  via  the  Cer- 
enhov  effect  when  the  electron  drift  velocity  exceeds  the 
phonon  phase  velocily.  Folbwing  three  requirements  are 
necesmy  for  praclica  I  tee  of  ihe  Cerenhov  effecl :  high  elec¬ 
tron  mobilities,  brge  electron  densities,  and  strong  coupling 
between  electro  re  and  amplifying  phonons.  For  acoustic 
pta/iem  Ihis  effect  ha;  been  sludird  intensively  for  bulir 
samples.3  Generation  of  phonons  of  frequency  below  IQ 
Obfc  Jns  been  achieved.  Very  recenlly,  it  u  found  Ihol  in 
heteroslruclures  the  drift ng  Iwo-dimenEional  (2D)  electrons 
can  provide  amplification  of  confined  aroiElir  phono  re  in 
the  cub -THc.  frequency  range."1  Analysis  of  the  Cerenhov  ef¬ 
fect  for  opta'ctr!  pheviom3  has  shown  thal  iheir  amplification 
(generation)  by  drifting  electron  in  bulb  rrrateriafc  is  practi¬ 
cally  impossible:  the  rale  of  the  phonon  generation  cannol 
compete  with  the  huge  rale  of  phonon  l-xses. 

Advanced  technology  of  semi-conductor  heto  restructures 
al  b  ws  one  to  monipulale  e  leclro  n  and  pho  no  n  properties  and 
opens  new  poreibi  lilies  b  employ  the  Cerenbov  effect  for 
optical  phonon  generation.  Indeed,  for  confined  electrons  in 
modulation  doped  helero structures ,  iwo  conditions — Jrgh 


*VliTh  mV  Loo^k  L-a  LOucmimi.udtu 


electron  drift  velodlies  (much  greater  lhan  that  in 
necesmily -heavy  doped  bulb  maples)  and  large  electron 
densities — are  already  realiied.  Then,  Jt'^wJ’tr/roHr  ewijvie- 
mr.'it  of  electrons  and  optical  phonons  within  the  curie  quan¬ 
tum  well  (QW)  provides  ihe  necessary  strong  coupling. 
These  can  result  in  a  large  Cerenbov  effed,  which  now  nray 
compete  wHhphonon  brees.Thx  let  ter  ad  dresses  general  bn 
of  cotfitietl optictr! photiota  by  the  eleclric  currenl  in  aQW 
layer. 

Consider  a  hete restructure  where  eledrons  are  confined 
in  ihe  Q  W  byer  A  embedded  in  a  semico nduclor  nralerial  B 
(the  barrier  layers).  The  Ihirbnen:  of  byer  A  is  L.  Let  the  c 
coordi  rate  be  perpendicu  lar  to  the  layers  and  jc  and  y  be  Ihe 
in-plane  coordinates.  The  electron  drift  is  abnglhe  jc  direc- 
1b  n .  B  oth  nraleriak ,  A  and  B ,  are  supposed  to  be  po  lar  cubb 
crystals.  Lei  Ihe  rebtive  dxplacemenl  ofiore  in  the  primitive 
cell  be  where  p={.c,y}.  The  marroscopicpohj- 

ixalbn  veclor  PC/J.c.r)  is  proportioral  to  uia,(p,;,t).  Peri¬ 
odic  changes  of  u,n'  (and  F)  in  space  and  time  correspond  1o 
the  off  tint!  vibnrt io/a  of  the  latlbe.  If  the  frequencies  of  the 
optical  vibratiore  in  materbk  A  and  B  are  different,  different 
1yp«  of  optical  modes  exxl  in  such  a  double  helercclructure: 
Ihe  interface  modes;  the  confined  LO  and  TO  modes;  and 
half -spare  LO  and  TO  modes  in  the  barrier  layers.  ForQWs 
wider  than  about  6Q  A,  Ihe  electrons  are  coupled  rrrainly  1o 
the  co  nfi  ned  LO  modes.  For  the  reel  of  this  letler  we  concen¬ 
trate  on  Ihe  btter  phonons. 

The  confined  LO  phonons  can  be  chararterked  by  2D 
phonon  wave  vectors  q  and  discrete  (transverse)  numbers  .71 . 
Because  the  dispersion  of  Ihe  optical  phonons  is  sural  I  in  Ihe 
long-wavelength  lunil,  we  can  attribute  the  same  frequency 
or  to  al  I  co  nfi  ned  LO  modes.  Lei  wr ^(P  ,c,t)  be  the  comp  lele 
set  of  orthogonal  and  oonralixed  solutions  describing  Ihe 
confine-d  LO  vibrations.  In  the  dielectric  continuum  model  cf 
ihe  confined  LO  pho  no  ns,*  ihe  -explicit  form  for  these  solu- 
Ibns  is 
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ThkpqoaradkeiKEihe  effect  of  gensotionof  confi  redLOphonorm  bydritirsekciror*  inqinnnini  welk 
W«  tsiw  chained  a  ge  nsnl  forma  h.  fee  die  ptionon  imemerE  s  a  function  of  ihe  phonon  tow  vecrec,  the 
electron  drii  wlocicy,  and  pmunewn  of  the  Ktuaire  The  tineck  pommeKn  of  the  cfcitii^  electrons  are 
emnnied  by  ixiig  ntomertum  and  enargy  tahrce  eqjsbrt  foe  elearo  n  Kowring  by  the  confined  epical 
phonoi*  We  haw  perfeonod  nurwrbaJ  estimates  of  the  phonon  increment,  as  well  is  he  phonon  lifetimes, 
and  found  ttai  ALWGoAi/AlAs  and  CaSb'TrflhCaSb  cfnnum  well  Ktuaixes  with  hijft  ttrft  velockiei  can 
demotmte  the  effea  of  genecuibn  of  th:  cohren  confined  cpkoJ  mod®  Iisencblly,the  phonon  inauuenc 
m*  a  rnurimura  os  a  function  of  the  tow  wcdoc  Thk  incites  a  srong  k  lea  ion  of  the  generated  phonon 
model  We  briefly  dkojot  th;  nonlinear  electron  mochankm  which  cabilias  the  increase  of  the  phonon 
popuhiiot*  and  provides  fee  the  Keody-Kote  phonon  ge  nention 
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T.  INTRODUCTION 

High-frequency  coherent  acauslic  and  optical  phonons 
flaw  been  observed  fora  number  ofsemiconductor  materials 
and  hetero  structures  (see  Refs.  i  and  2  for  a  rece  nl  review). 
These  EludieE  provide  information  on  liie  excitation  mecJn- 
nkiTE  of  iJie  cohered  phonons,  their  dy  numbs,  eledron- 
pitonon  interactions,  and  other  impoilanl  phenomein,  includ- 
ir^g  effect  of  interference  of  co Jierenl  laltice  vibrations  and 
phonon  control  of  ionic  molwn.3  Inlente  coherenl  phonon 
waves  can  be  ezploiled  for  variouE  app  h'calions,  jnrlicularly 
for  terahertz  modulation  of  fight-1  and  generation  of  high- 
frequency  eledric  OEcilblionE.  Usually,  high --frequency  co¬ 
herent  phonons  are  ere  Tied  ojrtically  by  uhrafril  beer 
pulses. ,y"  The  developmenl  of  electrical  melhodE  of  coherenl 
pho  non  generalio  n  is  a  long-dandi  ng  and  importml  pro  blem. 

ll  is  expeded  lhal  an  electric  currenl  fiowig  ihough  a 
semi  conductor  can  produce  coherenl  acoudic  and  oplical 
phonons. 

Transitions  of  car hem  between  bound  electron  stoles 
(hopping  IranEporl)  can  lead  1o  a  popublion  inversion  be* 
Iween  lhese  s  tries  and,  evenlually ,  lo  generation  of  coherent 
phonons.  Examples  of  heleroslrudures  with  thk  lype  of 
popublion  inversion  include  Ihree -barrier  heteroslrudures 
Burrilar  lo  those  used  in  the  cascade  kBers,A,a  ee  well  ze  eu- 
perbtliceE  with  vertical  hoppinglransport.7 

If  the  currerri  k  due  lo  free  eledron  motio  n  in  an  eledric 
field,  amplification  (generalion)  of  a  phonon  mode  can  be 
achieved  vb  the  Cherenkov  effect  when  the  eledron  drift 
vebcily  exceecfe  the  phonon  phese velocily.  Il  has  been  well 
estoblkhed  lhal  ihe  following  Ihree  requirements  are  neces¬ 
sary  for  practical  use  of  the  Cherenkov  effed:  hfgJi  eledron 
mobilTlieE,  large  eledron  densities,  and  drong  coupling  be¬ 
tween  eledrons  and  amplifying  phonons.  For  ncoHoti: 


photiatis  this  effed  Jsz  been  dudied  inlensiwly  in  bulk 
samples.3*  Generation  of  coherent  acoudic  phonons  of  fre¬ 
quency  bebw  IQ  CIHzhzE  bee n  achieved.  Very  recenl!y,ail 
woe  found  lhal  in  heteroBtrudures  drifting  1  wo-dimerEional 
eledronE  can  provide  amplification  of  confined  acoudic 
pJwnons  in  sub -THl  frequency  range.  Analysis  of  Ihe  Cher¬ 
enkov  effed  for  option!  phevio/u11"13  Jiz  shown  that  their 
amplification  (generation)  by  drifting  eledronE  in  bulkmate- 
riak  k  juadically  impoizible:  Ihe  rale  of  Ihe  phonon  genera¬ 
tion  cannot  compete  with  the  large  rate  of  phonon  losses. 

Advanced  lechnobgy  of  semiconductor  heleroclrudures 
alb  we  one  lo  rrnnipubte  to  eledron  and  phonon  properties 
and  opens  new  possibilities  to  employ  Ihe  Cherenkov  effed 
for  oplical  phonon  generation.  Indeed,  for  confined  eledronE 
in  modublion -doped  hetercetrudures.  Iwo  conditions — high 
eledron  drift  velocities  (much  greater  linn  lhal  in  necessarily 
heavily  doped  bulk  samples)  and  large  eledron  densities — 
are  already  realized.  Then,  2.7w/lir/ieaMr  oot^\/\r/r\ant of elec- 
Irons  and  optical  phonons  within  the  cune  quantum  well 
(Q  W )  provides  a  necersary  strong  coupling.  These  can  resull 
in  a  large  Cherenkov  effed,  which  now  may  compete  wilJi 
phonon  lomes.  Tin's  paj>er  addresses  Iheamlycis  of  gen  era - 
Ibn  of  cot\fit\ti2  option!  phof\ctu  by  driftirg  electrons  in  a 
QW  layer.  The  gpneral  result  are  applied  lo  A  lAs.CaAs  and 
Qa5b/ln5b  hetercstrudures. 

The  paper  is  organized  as  folbwE.  In  Src.Il  we  formulate 
lire  model  for  confined  electrons  and  phonons  and  their  in- 
leradwn.ln  5ec.  UI  we  calculate  ihe  rale  of  spontaneous  and 
stimubled  emksbn  ofconfined  oplical  phonons  by  the  drift¬ 
ing  eledrons.  An  analysis  of  the  phonon  increment  k  given 
in  Sec.  IV.  Section  V  is  devoted  to  numerical  estimates  of 
bolh  ihe  piionon  increment  and  ihe  phonon  lifetime  in  differ¬ 
ent  hetercslrudures.  The  discission  of  the  results  k  pre¬ 
sented  i  n  Sec.  VI.  The  ca  leu  lotion  of  the  eledro  n  jtrrmitlivTly 
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We  have  analyzed  amplification  of  transverse  phonons  confined  in  qmntum  well  (QW) 
h  el  ero  structures  through  piezoelectric  electron -pho  non  interaction  wilh  drifting  e  led  to  m.  ll  was 
found  thot  this  mechanism  of  inleraclion  couple*  Ihe  low -dimensional  electrons  and  iJie 
shear -horizontal  (5H)  confined  phonon.  We  have  Elidied  Ihe  eleclroslalic  potential  accompanying 
IheSH  wave*  and  found  lhal  efficient  inleiacfion  can  be  achieved  for  Ihe  lowe*1  antisymmetric  SH 
phonon  branch  in  a  rorrow  band  of  phonon  frequencies.  For  AlOaAs  QWs  the  amplification 
coefti  cienl  wa  calculated  1o  be  o  n  the  order  of  100  cm  i  n  the  sub  -T Hz  phonon  freque  ncy  range. 
The*e  results  suggrsl  an  electrical  method  fox  coherenl  phonon  generation  in  the  technologically 
well-developed  AlOaAs  QW  heteroslruclures.  ©  2€0t  Amenctv  i  //ustinlr  of  Physics. 
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I.  INTRODUCTION 

Recenlly  Ihe  problem  of  high -frequency  coherent 
phonons  has  atlrac1ed  considerable  altenlion.  Coherenl 
phonons  have  been  observed  for  a  number  of  semiconductor 
materials  and  heteroElructure*  (see  Reft: .  [1-3]  for  a  xecenl 
review).  New  effects  how  been  dk  covered  in  coherenl  pho¬ 
non  dy  ramies,  electron-coherenl  phonon  in  to  radio  r* ,  opti¬ 
cal  control  ofcoherenl  phono rc,  etc.Coherenl  phonon  wave* 
can  be  exploded  for  various  application;.  These  include  tera¬ 
hertz  modulation  of  Nghl  and  generation  of  torahertz- 
frequency  clec1romagne1ic  OEcillationE  *  Typically,  high- 
frequency  coherenl  phonons  are  ez cried  oplically  by  uhrafosl 
laser  puke*.1’''*  The  development  of  electrical  melhodc  of  co¬ 
herenl  phonon  generation  is  an  important  problem  lhal  he* 
presented  many  technical  challenges. 

>wry  recenlly  il  was  found  lhal  electric  currenl  flowing 
ihot^gh  Eemiconduclor  hetorcelruclures  can  produce  high- 
frequency  cohere m  acoustic  phonons.  These  hete restructures 
include  superlaltice*  wilh  vertical  hopping  eleclron 
transport5  and  quantum  well  (QW)  helero structure*  wilh  par¬ 
allel  transport.’  In  the  former  case,  ihe  currenl  results  from 
Inanitions  of  carriers  belween  bound  electron  slateE  in  ihe 
weakly  coupled  QWs  composing  the  Buperlattice.  In  such  a 
cue  the  generation  of  coherenl  phonons  may  be  achieved 
because  of  a  population  inversion  between  Ihese  stale*. 

In  QW  Jietoro  structures,  when  the  currenl  is  due  lo  semi- 
clazical  electron  motion  in  an  electric  field,  phonon  ampli¬ 
fication  (generation)  may  be  achieved  via  the  Cerenkov  ef- 
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foci  when  the  electron  drift  velocity  exceeds  ihe  velocity  of 
sound.  For  practical  use  of  Ihe  Cerenkov  effect,  the  fo  I  low¬ 
ing  lhree  requirement:  have  to  be  met:*  high  electron  mobili¬ 
ties,  brge  electron  densities,  and  strong  coupling  between 
electrons  and  amp  Kfying  pho  no  ns.  The  first  1  wo  condilio  ns — 
high  electron  mobility  and  large  eleclron  densities — are  al¬ 
ready  realised  for  confined  electrons  in  modulation  doped 
hete restructure*.  Then ,  if  there  are  phono  ns  confi  ned  near  the 
location  of  the  electrons,  il  is  obvious  lhal  ihe  electrons  will 
be  coupled  more  strongly  jusl  with  ihese  phono  rs.  QW  slruc- 
lures  rray  provide  confinement  of  both  electrons  and  acous- 
lic  phono  re  near  the  QW  byer.a-,a  General  analysis  of  am¬ 
plification  of  the  co nfined  acouslic  phonons'1  has  shown  lhal 
ihe  amplification  can  be  efficient  for  well  confined  phonons. 

In  general,  both  mechanism®  of  elec  Iron -acoustic  pho¬ 
non  interaction,  i.e., Ihe deformolion  polenlial  and  piezoelec¬ 
tric  mechanisms,  can  lead  lo  the  phonon  amplification 
effects.’  In  cubic  crjslak  wilh  ihe  eled.ro rs  (holes)  from  the 
central  va  lley ,  the  deforjrntio  n  potential  gives  rise  to  ihe  cou- 
pling  with  thcee  confined  phonons,  which  comprise  bolh  lon¬ 
gitudinal  and  Irarsverse  vibrations,  while  the  piezoelectric 
interaction  couples  ihe  electro rs  with  transverse  vibrations. 
To  review  the  basic  properties  of  Ihe  co  nfi  ned  phono  ns ,  let  us 
consider  Ihe  hete roEtruclure shown  in  Fig  1,  where  electrons 
are  confined  in  a  QW  layer  A  embedded  in  a  semiconductor 
material  B.  The  thickness  of  Ihe  byer  A  is  2tl .  ll  is  supposed 
llul  the  localized  waves  propqgate  along  ihe  byer  and  decay 
oulside  it.  To  be  specific,  we  assume  lhal  bolh  molerials  A 
and  B  are  cubic  crystals,  the  growth  direction  is  [QQl],  and 
the  direction  of  wave  propagation  is  [1QQ],  ie.,  x.  Under  Ihe 
latter  zemmptio  re ,  the  clarification  of  iheconfi  ned  phonons 
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G  jo -up -111  nitride  semiconductors  hove  unique  fundimen- 
lal  rrtalerial  properties.1  These  male/ia  k  ate1  characleriz,ed  by 
energy -band  gaps  ranging  £roin  1.9  eY  (InN)  to  G.2  eY 
(AIN);  relatively  Entail  eleciron  effective  ieeke  m 
“Q.iiflig,  m  -Q.2,7iai  and  /n-Q4S7ia  fox  InN,  QaN,  and 
AIN,  respectively,  where  mq  ic  the  free -eleciron  mas;  h^gh 
breabdo  w  n  fields  in  the  WY/cm  range;  targe  oplical-phono  n 
onTJgjcB  (abou1  90-1QQ  nwY);  and  strong  eteclro  n— po  hr- 
optfoal-phonon  eoupKrg.  The  FrohKch  pho  non  -coup  ling  con¬ 
stants  are  estimated  to  be  a-Q.22.  0.41,  and  Q/Wfor  InN, 
GaN,  and  AIN,  respectively.  In  oomparkon,  a~QjQ73  in 
aaAs.  The  values  of  the  peat  velocilfos  in  the  nitrides  in  Ik? 
steady -stole  jejune  are  bjse:1’'*  4s 3 x  10 T  ejn^E  (InN),  3.1 
xlQ‘  cmfs  (ChN),  and  1.7xlQr  cxt^b(AIN). 

Previous  Eludy  of  the  Ixancienl,  tijne*  oi  Bpace-dependenl 
Ijansparl  in  nitrides3  revealed  that  the  velocHy-cwerslool  ef¬ 
fect  lakes  place  in  iJw  ru b picosecond  time  scale  and  10  run 
spatial-scale  ranges  whh  maziminn  velocities  of  about  (G 
-S  >  x  1QT  cm^s  for  InN  and  OaN.  TJik  result,  oblained  by 
klonle  Carlo  calcublfons,  Bi^esls  great  perspectives  of 
group-ill  nitrides  for  h'gh -power  and  Jrigh -frequency  elec¬ 
tronics.  however,  some  i nforesting  and  imp? riant  high-field 
effects  have  rwl  been  investigpied  in  detail.  Tlie  purpose  of 
Ihis  paper  is  to  address  one  such  problem,  namely,  lJ»e  elec- 
iron  rurnvny  effect  in  shcul  group -III  nilride  slructures. 

Tlie  runaway  effecl  k  a  well-forwwn  ho  1-e  led  ro  n 
phenoine^o^'*t,  that  arises  in  ^cfttrcrjstak  with  predominant 
scattering  by  pobr  optical  phonons.*  Because  of  the  Cou¬ 
lomb  nature,  Ihe  rale  of  such  a  scattering  process  decrecnes 
for  Ihe  electrons  with  large  momenta  and  energies.  As  □  rc- 
euIi,  ihe  momentum  and  energy  gained  by  Ihe  eledrons  from 
Ihe  field  con  not  be  relaied  to  the  bttice  above  a  certai  n  criti¬ 
cal  field.  The  carriers  then  run  away  to  higher  energies.  In  a 
GnTtfAr  sample,  the  electron  runaway  is  stabilized  by  one  of 
the  following  effecls:  a  breakdown  due  1o  impact  ionization 
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of  impurities  or  across  Ihe  ^ip,  a  nonparabolidly  or  Iransfer 
to  upper  raNeys,  an  additional  scatterii®  at  high  energies, 
etc.  In  a  .shorf  sample,  the  limiting  mechanisms  mentioned 
above  are  not  important  and  Ihe  efodron  Iransporl  can  occur 
in  the  runaway  regime.  Since  Ihe  rurnway  effect  k  more 
pronounced  for  crystals  vrilh  stronger  efedron-oplical- 
pJwnon  couph'ng,  the  group -111  nitrides  are  co  widened  prime 
candidates  for  Ihk  phenomenon. 

For  a  detailed  analysis,  we  solve  Ihe  Bolfzjrann  equation 
for  the  dklribution  fondion  ^  ^.c),  where  ?  and  -  are  Ihe 
electron  momentum  and  coordinate.  The  energy  ascciated 
with  electron  motion  along  ihe  z.  coor-dinate  is  defined  zx  IK 
-  F Jim  -*£c,  where  -e  is  the  eleclron  charge  and  jTk  the 
electric  field.  The  characteristic  e nergy  is  Ihe  phonon  energy 
Aw  and  the  characteristic  momentum  k  /*„-  The 

dimensionless  momentum,  energy,  coordinate,  and  field  are 
f)  “  FfFq  ,iv“*1K/’Aw,  f—£i/7Ci,and£™e£7CJ/Aul  respec¬ 
tively.  Here  we  define  the  characteristic  lenglh  I0 

"A  rcaffw/f  «^i(  (fa- <ru),  where  rt-g  and  «•„  are  the  bw- and 
h^h  -frequency  permiltivilies.  AEsumir^  o  nly  optical -phonon 
emission  al  low  temperatures,  Ihe  Bo  Itzrrnnn  equation  can  be 
eiprewed  in  ihe  dimensio  nless  form  as 

*i> l  m*£tV‘~7Kj  Ip-p'f 
ip-p'f 

=  (1) 

ll  is  remarlable  thal  Ihis  equation  contains  a  single  "control¬ 
ling"  parameter — the  dimensfo nless  field  c.  We  will  analyze 
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We  studied  the  distribution  function  and  basic  characteristics  of  hot  electrons  in  InN,  GaN  and  AIN 
under  moderate  electric  fields,  and  found  that  in  relatively  low  fields  (of  the  order  of  kV/cm)  the 
optical  phonon  emission  dominates  the  electron  kinetics.This  strongly  inelastic  process  gives  rise  to  a 
spindle-shaped  distribution  function  and  an  extended  portion  of  quasi-saturation  of  the  current- 
voltage  characteristics  (the  streaming-like  regime).We  prove  that  this  hot  electron  regime  holds  for 
all  three  nitrides.  We  suggest  that  the  effects  can  be  detected  by  the  measurement  of  the  I  -V 
characteristics,  or  the  thermopower  of  hot  electrons  in  the  transverse  direction. 


Introduction.  Recent  intensive  studies  of  the  electron  kinetics  in  group-III  nitride 
materials  are  mostly  focused  on  two  subjects:  the  problem  of  the  low-field  mobility 
and  the  problem  of  the  peak  (saturation)  velocity  in  extremely  high  electric  fields 
(hundreds  of  V/cm,  see  Refs.[l-5]).Meanwhile,  such  basic  properties  of  the  nitrides 
such  as  relatively  low  effective  masses,  high  optical  phonon  energies,  strong 
electron-optical  pho-non  interaction  and  large  energy  separations  of  the  upper 
valleys  bring  about  a  number  of  new  hot  electron  effects  in  moderate  electric 
fields. These  effects  can  be  of  interest  for  both  the  understanding  of  fundamentals  of 
the  electron  kinetics  in  the  nitrides  and  their  applications.This  paper  addresses  the 
hot  electron  kinetics  in  group-III  nitrides  at  moderate  electric  fields. 

Model  and  Results.  We  analyzed  the  electron  kinetics  in  the  nitrides  by  the  Monte- 
Carlo  method.The  electron  bands  for  InN,  GaN  and  AIN  were  considered  in  the 
isotropic  and  parabolic  approximation.  Scattering  by  ionized  impurities,  acoustic 
phonons,  and  polar  optical  phonons  were  taken  into  consideration  with  all  material 
parameters  given  by  Ref. [6]. Corresponding  scattering  rates  as  functions  of  the 
electron  energy  are  presented  in  Fig.  1 . 
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